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Impact summary 23 What limits species geographic ranges on the landscape? One process of interest when trying to 24 answer this question is gene flow, which is the movement of genetic material between populations, 25 as might occur in plants when seeds or pollen move across the landscape. One hypothesis that has 26 been proposed is that gene flow from populations in other environments prevents populations at 27 range edges from adapting to their local habitats. Alternatively, it has been suggested that these 28 populations might benefit from gene flow, as it would provide more genetic material for natural 29 selection to act upon.
Introduction

43
Species are limited in their geographic extents on the landscape. In many cases, the limits of species' 44 geographic distributions are the result of niche limitation, rather than simply an inability to disperse 45 to suitable areas beyond their current distribution (Lee-Yaw et al., 2016) . This raises the question 46 of what prevents populations on the range periphery from adapting to sites beyond the range edge 47 (Antonovics, 1976; Bridle and Vines, 2007) , particularly when boundaries are not co-incident with 48 an abrupt shift in the abiotic environment. The putative causes of limits to adaptation at the range 49 edge hinge upon demographic and genetic features of metapopulations (Sexton et al., 2009) . 50 If range limits represent limits to adaptation, this could be the result of insufficient genetic 51 variation in range edge populations. Limited genetic variation at range edges is predicted because 52 range edge populations are often characterized as small, with more frequent or severe changes in 53 population size and elevated rates of turnover relative to central populations (Vucetich and Waite, 54 2003) . Populations that are on the leading edge of range expansions may also exhibit patterns of 55 low genetic variation as a result of successive founder events (Pujol and Pannell, 2008) . Significant 56 declines in neutral genetic variation near range edges is a common (though not ubiquitous) pattern 57 (Eckert et al., 2008; Pironon et al., 2017) , indicating that some of these processes are likely to 58 affect some range edges in some species. If the observed declines in neutral variation also reflect 59 reduced adaptive genetic variation, this might result in marginal populations being less locally 60 adapted when compared to central populations, as they have less capacity to respond to local 61 selection pressures. Maladaptation is expected to lead to poor demographic performance, reducing 62 colonization opportunities in sites beyond the range, and potentially creating (or reinforcing) a 63 range edge at equilibrium along an environmental gradient (Kirkpatrick and Barton, 1997) . 64 Swamping gene flow is another often-invoked hypothesis for how equilibrial range limits might 65 form and persist (Lenormand, 2002; Sexton et al., 2009) . Under swamping gene flow, peripheral 66 populations are unable to adapt to their local conditions because they experience maladaptive gene 67 flow from central populations (Kirkpatrick and Barton, 1997) . This process is predicted to occur 68 when populations are arranged along an environmental gradient where individuals are well-adapted 69 and abundant in the center of that gradient. Because of this asymmetry in abundance, net gene 70 flow is asymmetric and brings alleles that are adaptive in central environments to edge popula- 71 tions, disrupting local adaptation to edge environments. This causes edge populations to become 72 demographic sinks, where death rates exceed birth rates, and prevents further range expansion. 73 According to this model, the fitness of edge populations will depend upon the rate of gene flow 74 from center to edge as well as the steepness of the environmental gradient (i.e., the magnitude of 75 environmental differences between the sources of the gene flow and the recipient populations). 76 Comprehensive empirical tests of the swamping gene flow hypothesis are difficult to conduct 77 because they require demonstrating both the negative effects of gene flow on edge populations 78 as well as the occurrence of asymmetric gene flow on the landscape. Evidence to-date indicates 79 that swamping gene flow might limit adaptation along geographic gradients in some systems (Paul 80 et al., 2011) and sometimes limit the geographic range (Fedorka et al., 2012; Holliday et al., 2012) . 81 However, in other systems there are no detectable fitness costs of gene flow across environmental 82 gradients (Emery, 2009; Moore and Hendry, 2009; Samis et al., 2016) and strong local adaptation 83 persists despite gene flow (Yeaman and Jarvis, 2006; Gould et al., 2014) . Outbreeding depression 84 may generate patterns similar to those resulting from the disruption of local adaptation, but the 85 effects of genetic incompatibilities can be discerned from those of swamping by experimental designs 86 that allow for decoupling of environmental and genetic differentiation. 87 Most theory about swamping gene flow at range edges has been developed with the assumption 88 of smooth environmental gradients underlying the range, however, this assumption is unrealistic 89 for most species. Topography, continentality, and other landscape features make transects from 90 range centers to edges heterogenous with regards to climate. Other habitat variables, such as soil 91 type or the biotic community (which may mediate responses to climate in addition to imposing 92 selection on their own), are also likely to be spatially heterogeneous. This complicates predictions 93 of the swamping gene flow hypothesis: range edge populations may experience gene flow from 94 environmentally divergent neighboring populations, or environmentally similar central populations, 95 as well as combinations falling anywhere in between. In this case, geography cannot be used as 96 a proxy for predictions about the effects of gene flow, rather, these predictions must be informed 97 by the environmental differences between populations. Gene flow between populations in similar 98 environments may be beneficial, even when populations are geographically disparate, because gene 99 flow can allow for the spread of environment-specific beneficial alleles that arise in a single population 100 (Sexton et al., 2011) . Abundant-center distribution patterns and asymmetric gene flow have been 101 documented in some species, but are not ubiquitous (Sagarin and Gaines, 2002) , perhaps at least 102 in part as a result of complex environmental gradients. 103 In addition to contributing alleles that are adaptive or maladaptive in a given environment, gene 104 flow may provide relief from homozygosity caused by drift or inbreeding. Gene flow is expected to 105 increase heterozygosity and reintroduce variation that can allow for masking or purging of fixed 106 deleterious alleles. As a result, gene flow can improve fitness in peripheral populations (Sexton   107   et al., 2011) . The extent to which gene flow causes heterosis depends upon the genetic divergence of 108 populations (Ingvarsson and Whitlock, 2000) , but not explicitly on the magnitude of the environ-109 mental differences between the source and recipient of gene flow, though environmental differences 110 are correlated with genetic differentiation in some species (Sexton et al., 2014) . 111 Gene flow may also be beneficial when maladaptation arises due to disequilibrium between a 112 populations' optimal conditions and the environment. This could occur when a species is undergoing 113 a range expansion, or when the environmental landscape is moving out from under individuals, as is 114 occurring under climate change (Aitken and Whitlock, 2013) . If a population is locally adapted to 115 historic conditions in a site, and the environment changes rapidly, then gene flow from populations 116 with historic conditions that are more similar to these new local conditions is expected to improve 117 population performance. 118 To investigate how gene flow affects peripheral populations, we simulated gene flow among 119 populations spanning the northern half of the range of an annual wildflower, Clarkia pulchella, 120 and measured lifetime fitness of individuals in two common gardens at the species' northern range 121 edge. We asked 1) Are range edge populations of C. pulchella locally adapted? 2) What climatic 122 factors predict fitness at the northern range edge? 3) Does gene flow positively or negatively affect 123 edge populations? and 4) How does the effect of gene flow from other populations depend upon 124 the genetic differentiation and climatic distances of these populations? Under conditions where 125 the range edge is not at equilibrium with climate, we expect that gene flow from sites that are after-ripening period of several weeks. It has showy pink flowers and is visited by a diverse array 144 of pollinators though it has some capacity to self-pollinate in the absence of pollinators or mates 145 (MacSwain et al., 1973; Bontrager et al., 2018) . Individual plants typically produce fewer than 10 146 flowers, though some larger individuals may produce up to c. 100 on occasion. 147 Seeds of C. pulchella were collected from 15 populations in July 2014 ( Figure 1A ; Table S1 ). 148 We used the two northwestern-most populations of the continuous distribution of C. pulchella 149 as common garden sites (hereafter referred to as focal populations). Other populations (hereafter, 150 donor populations) were selected with the goal of sampling representative variation in major climatic 151 axes (temperature, precipitation, and seasonality of these variables; Figure 1B ) across the northern 152 half of the species' range. In each of these populations, seeds were collected haphazardly from plants 153 spaced >0.5 m apart. 154 Greenhouse generation and crossing design 155 We grew field-collected seeds in the greenhouse and implemented a controlled crossing design to 156 generate seeds for the field transplant. We planted maternal families from each population into 157 22 randomized blocks, with each block containing one family from each population. Two types 158 of crosses were performed: "within-population" crosses and "between-population" crosses. For 159 within-population crosses, dams were pollinated using pollen from the plant of the same population 160 in the subsequent block ( Figure S1A ). Each plant from each population was therefore used as both 161 a sire and a dam with other plants from the same population. For between-population crosses, 162 flowers on plants from the two focal populations within each block were pollinated using each of 163 the donor plants in that block ( Figure S1B ). These crosses simulate an early stage of gene flow: 164 the progeny of a mating event that is the result of long distance pollen dispersal (or the progeny of 165 a cross between a native individual and a recent immigrant). We collected the seeds from crosses 166 as fruits ripened. Further details about our greenhouse conditions and crossing design are in the 167 Supplementary Methods. 168 Common garden design and installation 169 For the transplant, we used seeds from 15 of our greenhouse blocks, and substituted seeds from the 170 same type of cross from other greenhouse blocks when they were unavailable from our primary 15. 171 Seeds were glued to toothpicks to expedite planting and monitoring in the field. Two seeds were 172 glued to each toothpick with a tiny dab of water-soluble glue (when seeds were limited, just one 173 seed was glued to each toothpick). At each of the two sites, toothpicks were planted into 10 fully 174 randomized plots. Each plot contained two toothpicks from each cross type from each of the 15 175 replicates. We only planted between-population crosses with local dams at each of the two focal sites 176 (i.e., Blue Lake plots only contained between-population crosses performed on Blue Lake plants, 177 and Rock Creek plots only contained between-population crosses performed on Rock Creek plants). 178 Within-population crosses from all populations were planted out at both sites. Therefore, each plot contained two replicates of each of 15 crosses from 29 cross types (14 between-population groups 180 and 15 within-population groups). For some cross types, less than 15 families had sufficient seeds 181 for the full design, therefore each plot contained 832 toothpicks at Rock Creek and 836 toothpicks 182 at Blue Lake. In total, our design included 16,680 toothpicks and 32,755 seeds. Seeds were planted 183 in September 2015. Details of transplant installation are in the Supplementary Methods. 184 Monitoring and measuring 185 Germination was censused 16-20 November 2015. We documented the emergence of either 0, 1, or 2 186 germinants at each toothpick. If two germinants were present, these were randomly thinned so that As a proxy for seed production, we measured the ovary length of each flower produced on each 192 plant. Pollinators were excluded from our plots to prevent the escape of non-native genotypes, 193 so we calibrated a conversion from ovary length to seed production using hand pollinations (see 194 Supplementary Methods). We continued reproductive censuses until all plants had senseced, but 195 reduced census frequency when flowering slowed in July. 196 Climatic and genetic differentiation 197 We compiled monthly temperature and precipitation data from 1951-1980 for all seed sources, as 198 well as the gardens during the months of the experiment (September 2015-July 2016) from PRISM 199 (PRISM Climate Group, 2017). We calculated historic (pre-warming, 1951-1980) Weir and Cockerham (1984) in the R package hierfstat (Goudet and Jombart, 2015) . These methods 206 are described in full in Bontrager and Angert (2018) . 207 Statistical analyses 208 Did local populations outperform foreign populations? 209 We tested whether local populations were, on average, superior to foreign populations using within- that had survived to the preceding census, and always included plant size at the previous census 226 to account for differences that had accumulated at earlier lifestages. For all of these models we 227 initially included a random effect structure of block within site, dam within dam population, and 228 sire within sire population. However, models of later lifestages and lifetime fitness frequently failed 229 to converge with this parameterization. When convergence failed, we reduced random effects to 230 only block within site and sire population. Predictions and confidence intervals were visualized 231 with ggeffects (Lüdecke, 2018) . 232 Does climate of origin explain performance in common gardens? 233 We built GLMMs using the methods described above to evaluate the effects of mismatch between 234 the experiment conditions and population's historic climates on lifetime fitness and all fitness com-235 ponents, again using only within-population crosses. We calculated the absolute difference between 236 the garden conditions and the historic temperature and precipitation of each source population. We 237 use absolute differences because we expect that mismatch in either direction along a climate axis 238 will negatively impact fitness. Very few source populations were from sites drier or hotter than con-239 ditions during the experiment, so absolute differences mostly result from source populations being 240 historically cooler or wetter than the experiment. Our lifetime fitness model included absolute dif-241 ferences in temperature (for the experiment duration, September-July) in both the conditional and 242 zero-inflation parts of the model, as well as absolute differences in spring and summer precipitation 243 (April-July) in the conditional part of the model only. We isolated the specific lifestages affected by 244 each of these climatic predictors using the methods described above. In lifestage-specific analyses, 245 we calculated climate differences using only the months in each census window. In all analyses, all 246 continuous predictors were scaled and centered. 247 
Does gene flow help or hurt edge populations?
248 Based on the results of the analyses above, we expected that gene flow from some populations was 249 likely to confer benefits by contributing adaptive genetic variation to focal populations experiencing 250 an anomalous climate. To evaluate whether there were benefits of gene flow that were independent 251 of these climate effects, we calculated the midparent historic temperature average for all individuals 252 (that is, the average temperature of dam and sire sites) and then calculated the absolute difference 253 between this temperature and the experimental temperature ( Figure S2 ). We calculated a metric 254 of absolute midparent precipitation difference (averaged over April-July) in the same manner. We 255 used GLMMs as described above to test for an effect of gene flow in addition to an anticipated effect 256 of midparent climate differences on lifetime fitness and each component lifestage. In these models, 257 gene flow was included as a categorical fixed effect (within-population cross vs. between-population 258 cross) along with midparent temperature and precipitation differences. We included gene flow and 259 temperature differences in both the conditional and zero-inflation parts of the lifetime fitness model, 260 and precipitation differences in only the conditional part. We had difficulty disentangling effects 261 of precipitation differences and gene flow (see Results), so we ran these models with and without 262 precipitation differences. 263 Do the effects of gene flow depend upon the genetic differentiation between focal and 264 donor populations? 265 We examined whether the genetic differentiation (F ST ) between the two parental populations of the 266 between-population crosses positively or negatively affected offspring fitness. We could only esti-267 mate genetic differentiation between parental populations for individuals with parents from different 268 populations, so in these analyses we use between-population crosses only. We built zero-inflated 269 GLMMs as described above using lifetime fitness and included predictors of absolute midparent tem-270 perature and precipitation differences as well as F ST . We also tested the effects of these parameters 271 on each component lifestage. Our ability to detect significant effects of climate in full models was 272 limited, likely due to the narrow range of midparent climatic variability across between-population 273 crosses, so we also built separate models of each of our three predictors on lifetime fitness and each 274 lifestage. All statistical analyses were implemented in R version 3.4.3 (R Core Team, 2017). 275 
Results
276
Climate of origin explains performance in common gardens 277 Local populations were not superior to the average foreign population in their cumulative fitness 278 across all lifestages, or in any component lifestage ( Figure S3 , Table S2 ). Populations that were best 279 matched to experimental temperatures performed best in our gardens; lifetime fitness declined with 280 increasing absolute temperature differences between the source and the experimental conditions 281 (Figure 2A ). This occurred via effects on both the probability of producing any seeds (the zero-282 inflation part of the model; β = −0.341, SE = 0.033, P < 0.001; Figure 2B ), and the number of 283 seeds produced (the conditional part of the model; β = −0.114, SE = 0.050, P = 0.022; Figure 2C ). 284 Local populations, which are historically intermediate in temperature (Figure 1B) , were mismatched 285 from the experiment conditions and performed worse than populations from warmer sites that were 286 more climatically similar to the garden conditions. 287 Analyses of component lifestages support these inferences ( Figure 2D , Table S3 ): being poorly 288 matched to experimental temperatures had negative effects on germination proportion, overwinter 289 survival, and the size of plants after winter. While precipitation differences were not significant in 290 the model of lifetime fitness (β = −0.067, SE = 0.049, P = 0.177, Figure 2C ), they did have a 291 negative effect on seed production among plants surviving the winter ( Figure 2D , Table S3 ).
292
Gene flow may confer some benefits to edge populations 293 As in the analyses of within-population plants only, both midparent temperature differences and 294 midparent precipitation differences had negative effects on lifetime fitness in our common gar-295 dens (Table S4A ; Figure 3AB ). Gene flow (i.e., being a between-population rather than a within-296 population cross) did not have a significant effect in the lifetime fitness model that also included 297 climate differences. 298 It is difficult to disentangle the effects of precipitation differences from the effects of gene flow in 299 these analyses. This is because our focal populations are already among the driest provenances in 300 our experiment. Therefore, the average between-population plant is better matched to the experi-301 mental conditions than the average within-population plant, because the midparent precipitation of 302 between-population plants is always calculated with at least one very dry focal parent ( Figure S2B ). 303 This was not an issue with temperature differences, because our focal populations are intermedi-304 ate to other provenances in terms of temperature ( Figure S2A ). When lifetime fitness was analyzed 305 without precipitation differences in the model, we found that gene flow (being a between-population 306 cross, rather than a within-population cross), had a positive effect on lifetime fitness in addition to 307 effects of temperature (Table S4B) . 308 A small positive effect of gene flow, independent of climatic differences, is supported by analyses 309 of some lifestage components ( Figure 3C ; Table S4C ). Negative effects of precipitation and tem-310 perature differences were similar to those found in the analyses of climatic drivers of performance, 311 while gene flow (i.e., being from a between-population vs. a within-population cross) had a positive 312 effect on fruit production and a marginal positive effect on seed production. 313 Genetic differentiation between parental populations positively affects fitness 314 Both midparent temperature difference from the garden conditions and genetic differentiation be-315 tween parental populations had significant effects on fitness ( Figure 4 , Table S5AB , Table S6A ). 316 Genetic differentiation between parental populations had a positive effect on lifetime fitness via 317 increasing the probability of producing seeds (the zero-inflation part of the model). The effects 318 of genetic differentiation on lifetime fitness were mirrored in the analyses of single lifestages: F ST 319 had a positive effect on germination, size after winter, fruit count, and seed production ( Figure 4C , 320 Table S5A , Table S6A ). 321 The negative effect of midparent temperature differences in between-population crosses is gen-322 erally consistent with our analyses of climatic drivers of performance in within-population crosses. 323 Between-population plants with donor parents that were well-matched to temperatures during the 324 experiment were more likely to produce seeds, as indicated by the significant negative effect of 325 midparent temperature differences in the zero-inflation part of that model (Table S5B , Table S6A ). 326 Midparent temperature differences did not significantly affect any single lifestage, but had marginal 327 negative effects on size after germination, size after winter, and fruit number ( Figure 4C , Table S5B ). 328 Midparent precipitation differences did not significantly affect lifetime fitness or component lifestages 329 (Table S5C) . 330 It is important to note that genetic differentiation is not especially correlated with temperature 331 differences (r = -0.25), though genetic differentiation and precipitation differences are correlated (r 332 = 0.64), with plants whose parents are more genetically differentiated also having larger differences 333 between their historic midparent precipitation and conditions during the experiment. We think 334 it is unlikely that the apparent positive effects of genetic differentiation are actually driven by 335 precipitation differences, because we would expect high precipitation differences to negatively affect 336 fitness. The overall weak or absent effects of temperature and precipitation differences in these 337 models may be due to a narrower range of variation in midparent climate for the between-population 338 crosses relative to the within-population crosses ( Figure S2 ). 339 Discussion 340 We conducted a common garden experiment at the northern range margin of Clarkia pulchella Table S5 ). Although simulated 361 gene flow from divergent environments had the potential to reduce fitness in this experiment, it is 362 unlikely that gene flow occurs at a high enough rate among natural populations to swamp local 363 adaptation. However, our results highlight that gene flow and dispersal need not be from popula-364 tions that are geographically distant (or from the center of the range) to be climatically divergent 365 from historic or current conditions. Rather, two of the most temperature-mismatched populations 366 used in the experiment are from sites nearest to our common gardens (populations D1 and D3; 367 Figure 1 ). 368 Under climate change, local adaptation to historic climate regimes may generate local maladap-369 tation in field trials. We see this in our results, where populations from warmer locations performed 370 best in our gardens ( Figure 2 , Table S3 ), and gene flow from warmer locations had positive effects 371 on some lifestages (Figure 4 , Table S5 ). This lagging adaptation to climate has been documented 372 in other recent common garden studies. In a reciprocal transplant experiment of a long-lived sedge, Gene flow confers benefits independent of climate 390 We saw some additional positive effects of gene flow once the effects of climate are controlled for 391 ( Figure 3 , Table S4 ). These positive effects may be the result of increased heterozygosity when 392 parental plants come from two different populations; this inference is supported by the positive 393 effect of genetic differentiation between parental populations on performance (Figure 4 , Table S5 ). despite temporary decreases in mean fitness due to outbreeding depression. 410 During this study, the effects of being well-matched to the experimental conditions seemed 411 to dominate over potential benefits of being from a local population (for example, the benefits 412 of being adapted to local soil conditions or herbivores). This inference is supported by the fact 413 that lifetime fitness of local populations did not differ from that of foreign populations even once 414 climate differences were controlled for (results not shown) though our experiment was not especially 415 well-suited to test this because we have only two local populations. 416 Limited inference about population persistence 417 Our ability to make inferences from our results about the longer-term effects of gene flow on the 418 persistence and adaptive potential of range edge populations is limited. While it seems clear that 419 gene flow from warm sites is likely to accelerate adaptation to warming conditions, we do not know 420 whether these populations were historically limited by adaptation, and whether the additional Directionality of effects is illustrated with "-"; in these analyses all significant effects were negative. Predictors in boxes are significant (P < 0.05). Size in the previous lifestage is not shown here, but has a significant positive effect on overwinter and reproductive lifestages. This summarizes the significant results of separate models for each lifestage; full statistical results of these tests are in Table S3 . Directionality of effects is illustrated with "+" and "-". Marginally significant parameters (0.05 < P < 0.10) are shown in boxes with dashed margins, predictors in solid boxes are significant (P < 0.05). Size in the previous lifestage is not shown here, but has a significant positive effect on overwinter and reproductive lifestages. This summarizes the significant results of separate models for each lifestage; full statistical results of these tests are in Table S4 . Figure 4 Effects of genetic differentiation between parental populations, as well as midparent temperature and precipitation on performance of Clarkia pulchella. (A) Among between-population crosses, increased genetic divergence between parental populations had a positive effect on lifetime fitness. Points are raw averages for each gene flow source in each garden, colored by the distance between the source population and the garden (the home of the recipient population). (B) Regression estimates and standard errors of genetic differentiation (F ST ) and absolute midparent temperature differences (T diff ) on the probability of producing seeds. (C) Effects of genetic differentiation, temperature differences, and absolute precipitation differences (P diff ) on conditional seed production.
(D) Effects of T diff and F ST on component lifestages of Clarkia pulchella. Precipitation differences were not significant when tested for component lifestages. Directionality of effects is illustrated with "+" and "-". Marginally significant parameters (0.05 < P < 0.10) are shown in boxes with dashed margins, predictors in solid boxes are significant (P < 0.05). Size in the previous lifestage is not shown here, but has a significant positive effect on overwinter and reproductive lifestages. * indicates predictors that are only significant in separate models, not in full models with all predictors. Complete statistical results of these tests are in Table S5 and Table S6 .
Supplementary methods
Greenhouse conditions and crossing design was minimally leveled to allow for placement of planting grids that aided in consistently spacing 608 the plants. Each toothpick was inserted into the ground gently so that seeds were not dislodged or 609 damaged until seeds were ∼3 mm below the soil surface. Toothpicks were inserted at 5 cm spacing 610 into ∼1 m by 2 m blocks. Block shape was varied to accommodate rocks and shrubs surrounding 611 the planting area. After planting, each block was protected with 20 cm high hardware cloth cages 612 supported by rebar. These cages were intended to prevent trampling by larger animals but did 613 not prevent entry of rodents and other small animals. The area surrounding the plots at each 614 site was sprayed with deer repellent several times during the course of the experiment. To ensure 615 germination, plots were watered at a rate of ∼10 L per plot 27-29 October 2015, though at that 616 time most seeds that were checked already had radicles emerging. In May 2016 cattle fencing was 617 put around the plots at the Blue Lake site before cattle were released into the area for grazing; this 618 fencing succeeded in keeping the cows off the plots. No cattle were present at the Rock Creek site.
619
Details of monitoring and measuring 620
Our transplant gardens were installed in areas where C. pulchella occurs naturally, and because of 621 this we wanted to evaluate how frequently we might have mistaken naturally occurring plants for 622 experimental plants. During germination surveys we censused one more germinant than the number 623 of seeds that we planted at 23 out of 16,680 grid points (0.14%). This gives an estimate of the 624 minimum rate at which naturally occurring seeds were indistinguishable from our planted seedlings. 625 So, while it is probable that some naturally occurring plants were mistaken for experimental plants, 626 we consider the frequency of possible misidentification to be acceptably low. 627 During winter, some plots were affected by frost-heave and seedlings were uprooted from their 628 planting locations when their toothpick was forced out of the ground (1901/16680 grid points, 629 11.4%). In lightly affected areas, toothpicks and seedlings were gently settled back into the soil. 630 In more heavily affected areas, individual identity could no longer be determined confidently and 631 individuals were excluded from further measurements and analyses (95/16680 grid points, 0.57%). with the intercept set to 0 (R 2 0 = 0.87). We pollinated only a maximum of one flower per plant, so 656 these may be overestimates because they do not account for potential resource limitation of seed 657 set. However, we checked whether variation in seeds per mm of fruit was associated with individual 658 fitness (the overall fruit production per individual) or block quality (estimated based on the average 659 fruit production of a block), and we could not attribute variation in seeds per mm of fruit to either 660 of these factors. Therefore, while our conversion from fruit length to seeds may not be exact, we 661 do not expect it to be systematically biased.
662
Supplementary tables and figures 663 Table S3 Results of generalized linear mixed effects models of the effects of absolute precipitation and temperature differences on component lifestages of Clarkia pulchella. Temperature and precipitation differences refer to absolute differences between the historic conditions that a population experienced and the conditions in the common gardens during the experiment. These differences were calculated using climate data from only the months of that census period (i.e., September-November for germination and size after germination, December-March for overwinter survival and size after winter, and April-July for fruit counts and seed production). Analyses were conducted using only plants surviving the previous census window. Whenever applicable, size in the previous census was included as a covariate to account for differences accumulated during earlier lifestages. Significant parameters are indicated with bold text. Table S4 Results of generalized linear mixed effects models of the effects of being a within-population cross vs. a between-population cross, while accounting for effects of absolute precipitation and temperature differences. Temperature and precipitation differences refer to absolute differences between the average historic conditions of an individual's parental populations and the conditions in the common gardens during the experiment. Positive estimates of the effects of between-population vs. within-populations indicate that having parents from two different populations ("gene flow") is beneficial. (A) Effects on lifetime fitness of Clarkia pulchella. (B) Effects on lifetime fitness when midparent precipitation differences are not included in the model. (C) Effects on component lifestages. Climate differences were calculated using climate data from only the months of that census period (i.e., September-November for germination and size after germination, December-March for overwinter survival and size after winter, and April-July for fruit counts and seed production). Analyses were conducted using only plants surviving the previous census window. Whenever applicable, size in the previous census was included as a covariate to account for differences accumulated during earlier lifestages. Significant parameters are indicated with bold text. Table S5 Results of generalized linear mixed effects models separately testing the effects of (A) genetic differentiation, (B) absolute midparent temperature differences, and (C) absolute midparent precipitation differences on performance of Clarkia pulchella in common gardens. Absolute midparent temperature and precipitation differences refer to absolute differences between the conditions in the common gardens during the experiment and the average historic conditions of an individual's parental populations. These analyses were performed using between-population crosses only, that is, every plant has one parent from a focal population and one parent from a donor population. For analyses of lifetime fitness, temperature differences were calculated using the duration of the experiment and precipitation differences were calculated using April-July values. Precipitation differences are only included as an effect in the conditional part of the model of lifetime fitness because precipitation effects are expected to manifest at later lifestages. For analyses of component lifestages, climate differences were calculated using climate data from only the months of that census period (i.e., September-November for germination and size after germination, December-March for overwinter survival and size after winter, and April-July for fruit counts and seed production). Component lifestage analyses were conducted using only plants surviving the previous census window. Whenever applicable, size in the previous census was included as a covariate to account for differences accumulated during earlier lifestages. Significant parameters are indicated with bold text. Table S6 Results of generalized linear mixed effects models of the effects of genetic differentiation between parental populations on performance of Clarkia pulchella in common gardens. Effects of absolute precipitation and temperature differences are also included in these models. Temperature and precipitation differences refer to the absolute midparent differences, i.e., the absolute differences between the conditions in the common gardens during the experiment and the average historic conditions of an individual's parental populations. These analyses were performed using between-population crosses only, that is, every plant has one parent from a focal population and one parent from a donor population. (A) Effects on lifetime fitness. (B) Effects on component lifestages. Climate differences were calculated using climate data from only the months of that census period (i.e., September-November for germination and size after germination, December-March for overwinter survival and size after winter, and April-July for fruit counts and seed production). Analyses were conducted using only plants surviving the previous census window. Whenever applicable, size in the previous census was included as a covariate to account for differences accumulated during earlier lifestages. Significant parameters are indicated with bold text. Figure S1 Schematic of the greenhouse crossing design to generate seeds for our common gardens. Three blocks are diagrammed here, but crosses were performed in 22 blocks and seeds from 15 blocks were transplanted into the field. (A) Within-population crosses: for each seed family from each of 15 populations (three are shown), plants were crossed in a "daisy chain" design, in which each plant was hand-pollinated using pollen from another individual of the same population from the subsequent block. (B) Between-population crosses: we used pollen from each of 13 donor populations (two are shown) to pollinate flowers on plants from each of the two focal populations (one is shown). Each focal plant served as a dam for multiple between-population crosses, that is, each focal seed family had one flower pollinated by a plant from each of 13 donor populations and from the other focal population. 
